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Editor: José Virgílio CruzThe objective of this paper is to determinewhether deep tubewells installed through arsenicmitigation efforts in
rural Bangladesh provide better drinking water microbial quality compared to shallow tubewells. We conducted
a stratified random cross-sectional survey of 484 households to assess microbial contamination of deep tubewell
water at source and at point of use (POU) compared to shallow tubewell water using the Compartment Bag Test.
In addition, we measured storage time, distance, travel time and ownership status among both sets of users to
assess deep tubewell efficacy and under what conditions they offer poorer or better water quality. Differences
in tubewell characteristics were compared using non-parametric Mann-Whitney U tests and two-proportion
Z-tests. Prevalence ratios of microbial contamination stratified by water quality, storage time and distance to
tubewells and ownership were estimated using unadjusted Mantel-Haenszel tests. There was no significant dif-
ference in microbial contamination between shallow and deep tubewells at source. The presence of POU water
microbial contamination in storage containers in deep tubewell households was 1.11 times the prevalence in
shallow tubewell storage containers (95% CI = 0.97–1.27). Deep tubewell users stored water longer and walked
significantly farther to obtain water compared to shallow tubewell users. Among deep tubewell households,
those residing farther away from the source were 1.24 times as likely to drink contaminated water from storage
containers compared to those located nearby (95% CI = 1.04–1.48). Our findings suggest that deep tubewells
have comparable water quality to shallow tubewells at source, but increasing distance from the household exac-
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1. IntroductionMicrobial contamination of drinking water quality is the second
leading risk factor for diarrheal diseases which are the fifth leading
cause of death in children under five years old worldwide (GBD 2016
Diarrhoeal Disease Collaborators, 2018; Roth et al., 2018). According
to the 2016 Global Burden of Disease estimates, an estimated 1.1 billion
episodes of diarrhea occur annually in these children, with south Asia
and sub-Saharan Africa accounting for 90% of the cases (GBD 2016
Diarrhoeal Disease Collaborators, 2018; GBD 2016 Mortality
Collaborators, 2017). In an effort to reduce the diarrheal disease burden,
public health efforts during the past 40 years in Bangladesh have led the
majority of rural Bangladeshis to consume drinkingwater from ground-
water aquifers using shallow tubewells rather than surfacewater. These
shallow tubewells, with depths b140 ft, are relatively inexpensive to in-
stall, require little labor and maintenance, and provide access to drink-
ing water that is much less contaminated with microbial pathogens
than surface water (Van Geen et al., 2003). However, many of these
tubewells have exposed rural Bangladeshis to high levels of naturally
occurring arsenic, resulting in increased all-cause mortality (Argos
et al., 2010), and cancers of the lung, liver and bladder in adults
(Naujokas et al., 2013; Smith et al., 2000).
To reduce exposure to arsenic, a common mitigation strategy for
households is to switch from a contaminated shallow tubewell to
nearby low-arsenic shallow tubewells (Ahmed et al., 2006; Van Geen
et al., 2002). However, recent studies have shown that groundwater
pumped from shallow low-arsenic wells is more likely to be contami-
nated than groundwater from shallow high-arsenic wells because of
the nature of local hydrogeology and other factors such as high popula-
tion density and poor sanitation and hygiene conditions (Islam et al.,
2001; Leber et al., 2011; Van Geen et al., 2011). An increase in diarrhea
was shown among rural households that obtain drinking water from
shallow low arsenic wells, suggesting that avoiding arsenic contamina-
tion could increase exposure tomicrobial pathogens in shallow ground-
water (Wuet al., 2011a).More generally, fecal contaminationof shallow
groundwater is one reason for the persistence of diarrheal disease in
Bangladesh (Howard et al., 2006; Luby et al., 2008; Van Geen et al.,
2011; Wu et al., 2011b).
Exposure to either high arsenic concentrations or high fecal microbe
concentrations in shallow tubewells indicates the need for an alterna-
tive drinking water source. Besides switching to a low arsenic shallow
tubewell, another common arsenic mitigation strategy is consuming
drinking water from deep tubewells that tap into an aquifer usually
N500 ft deep and mostly free of arsenic (Ravenscroft et al., 2013; Van
Geen et al., 2003; Van Geen et al., 2007). As of 2010, approximately
165,000 deep tubewells had been installed throughout the country
and have become a cornerstone of efforts to reduce arsenic exposure
(DPHE, 2010). The low arsenic concentrations in deep tubewells have
been shown to be stable over time, except when poorly constructed
(Fendorf et al., 2010; Radloff et al., 2011; Van Geen et al., 2007). Deep
tubewells have also demonstrated better microbial quality at source
compared to shallow tubewells as E.coli and fecal coliform levels de-
crease with increased depth (Islam et al., 2001; Luby et al., 2008).
Hence, it is possible that deep tubewells may provide added health ben-
efits throughbettermicrobial quality in drinkingwater in addition to re-
duced arsenic exposure, resulting in lower incidence of diarrheal
diseases, as compared to shallow tubewells (Escamilla et al., 2011;
Winston et al., 2013).
However, a study by Field et al. (2011) found that switching to deep
tubewells for arsenic mitigation from shallow tubewells led to a 27% in-
crease in infant and child mortality rates in 155 villages in Barisal Dis-
trict, Bangladesh. While the specific mechanisms leading to higher
mortality were not specified, there are possible mechanisms that
could lead to poorer water quality and subsequent ill-health due to mi-
crobial contamination during collection, handling and storage of drink-
ing water, even though the water may be relatively safe at source. Themajority of rural Bangladeshis store their drinking water in a kolshi, an
open-mouthed aluminum vessel with a narrow mouth but a wide rim,
resulting in high contamination from external sources (Clasen et al.,
2007a). Microbial contamination at the point of use (POU) in rural
Bangladesh is common (Hoque et al., 2006) andhas been closely associated
with high diarrheal incidence in children, as opposed tomicrobial contam-
ination at tubewell source (Howard et al., 2006; Luby et al., 2015; Trevett
et al., 2005). Also, there is strong evidence frommultiple studies, including
randomized controlled trials in Bangladesh andother settings, that improv-
ing the microbial quality of water by chlorination at the source or POU by
various methods reduces diarrheal disease risk (Clasen et al., 2007b;
Ercumen et al., 2017; Fewtrell et al., 2005; Kremer et al., 2011).
Deep tubewell water might have higher microbial contamination
levels at POU than privately owned shallow tubewells because house-
holds must travel farther to obtain drinking water and may store the
water longer. Most of the deep tubewells are installed by the Depart-
ment of Public Health and Engineering and non-governmental organi-
zations rather than by households because they are much more
expensive to install than shallow tubewells (Mosler et al., 2010; Van
Geen et al., 2003). Since most deep tubewells are publically installed,
they tend to be installed near a road in a central location of a village to
maximize access. However, studies have shown that these tubewells
are often inequitably located, and their use network is sparse as com-
pared to shallow tubewells (Escamilla et al., 2011; van Geen et al.,
2016; Winston et al., 2013). Additionally, rural Bangladeshis are only
willing to walk up to 100–150 m on average to obtain water from
deep tubewells when their shallow tubewells have high arsenic concen-
trations (Opar et al., 2007; Van Geen et al., 2003; Van Geen et al., 2002,
2003). Therefore, it is possible that longer distances to a deep tubewell
will increase the duration of time people store drinking water, which
may increase the risk of fecal contamination due to longer storage
times and collection of larger volumes to minimize trips to the well
(Brick et al., 2004; Copeland et al., 2009; Han et al., 1989; John et al.,
2014; Levy et al., 2008; Lokuge et al., 2004; Momba and Kaleni, 2002;
Oswald et al., 2007; Roberts et al., 2001; Shaheed et al., 2014; Wright
et al., 2004). Given the conflicting results and uncertainties it is critically
important to evaluate whether deep tubewells reduce risk of microbial
contamination or if they increase risk because of increased storage
times. Therefore, we conducted a cross sectional survey to assess the
microbial water quality at source and POU for households using deep
and shallow tubewells as their primary drinking water source, along
with information about storage times and distance to their drinking
water source.
2. Materials and methods
2.1. Study area and design
The study area,Matlab, Bangladesh, is a rural area located 50 km south-
east of Dhaka. It is comprised of 142 villages with a population of approxi-
mately 238,000 people and 56,000 households. The households are
arranged spatially based on patrilineal linkages in clusters called baris. A
barimay contain anywhere from one to a dozen households, with an aver-
age of five to six households per bari. Generally, members in the same bari
drink from a common tubewell. Baris that do not own a tubewell usually
collect drinkingwater fromwells ownedbyaneighboringbariora commu-
nitywell such as those at amosque or school.Matlab is one of thefield sites
for the International Centre for Diarrhoeal Disease Research, Bangladesh
(icddr,b). The icddr,b manages a hospital that provides free treatment for
diarrhea to all residents. Hospital and community-level records are
maintained through a longitudinal Health and Demographic Surveillance
System that has been in place since 1966. All individuals are assigned a
unique identification number on entry into the area following birth or
migration.
Survey data and water samples were collected in the Matlab study
area during the dry season ranging from February to April 2018.The
households were selected using a stratified random sample of house-
holds with strata based on previously collected data that identified
whether they had been using deep or shallow tubewells as their pri-
mary drinking water source. We selected 250 households using a shal-
low tubewell and another 250 using a deep tubewell. Fig. 1 illustrates
the spatial distribution of the sampled villages for the study. The sample
includes households from118 villages out of 142 villages and is spatially
representative of the geography of Matlab. On completion of household
visits, the final sample included 259 households currently obtaining
their drinking water from shallow tubewells and 225 from deep
tubewells. In addition to collecting water samples from both the drink-
ing water source and household storage containers, we also collected
data on storage time and distance to drinkingwater source. The selected
households form the cohort of an ongoing longitudinal study, and fur-
ther data and samples will be collected during the rainy season, and
dry season the following year. The study received approval from the in-
stitutional review boards (IRB) of both University of North Carolina and
icddr'b.
2.2. Assessment of water quality
The field teammeasured water quality by collecting twowater sam-
ples from each household: one from the tubewell source, and the other
from the household container at the POU. These samples were analyzed
using the Compartment Bag Test (CBT) for the fecal indicator bacterium
E. coli. E. coli is the fecal indicator bacterium recommended by theWorld
Health Organization Guidelines for Drinking-water Quality (World
Health Organisation (WHO), 2011). The CBT is amicrobialwater quality
field test of simple design consisting of a clear plastic bag with fiveFig. 1.Distribution of sampled villages inMatlab, Dhaka. The study area,Matlab consists of 142 v
a stratified random sampling approach for recruiting deep and shallow tubewell users.internal compartments of various volumes to determine a Most Proba-
ble Number (MPN) concentration of E. coli bacteria per 100mL growing
within a liquid growth medium containing an Indoxyl-Beta-D–
glucuronide chromogenic substrate (X-gluc) for specific detection.
E. coli fecal bacteria produce a blue color in the sample upon X-gluc
hydrolysis due to their unique production of the beta-glucuronidase
enzyme. The detection method provides quantitative next-day results
for fecal bacteria concentrations between 0 and 100 E. coli per 100 mL
(McMahan et al., 2011, 2012; Stauber et al., 2014). This test was
shown independently to give comparable results to a standard mem-
brane filter E. coli test for 270 diverse water samples (Stauber et al.,
2014). We considered E. coli concentration to be a measure of water
quality on both continuous and categorical scales based on a priori risk
categories as perWHO guidelines - b1/100mL (safe), 1–10 /100mL (in-
termediate risk), 11–100 /100 mL (high risk) and N 100/100 mL (very
high risk) (Brown et al., 2008). While any water sample with MPN
E. coli values N1/100 mL is considered contaminated, acceptable stan-
dards are higher in some countries.
We also conducted a pilot study to test the CBT inMatlab in the field
and compare it to a standard membrane filter (MF) E. coli test using 74
kolshi and tubewell 100mL samples. For the 74 tubewell and kolshi sam-
ples analyzed, thenumbers of samples positive or negative for E. coli and
the E. coli concentrationswere similar by both the CBT andMFmethods.
When the data for E. coli positivity and negativity in tubewell and kolshi
samples were analyzed by Fisher's Exact Test, the two-sided p-value
was 0.0007, indicating significant association. Sensitivity was 0.73
(95% CI = 0.54 to 0.87), specificity was 0.70 (95% CI = 0.53 to 0.84),
positive predictive value was 0.69 (95% CI = 0.51 to 0.83) and negative
predictive valuewas 0.74 (95% CI= 0.57 to 0.87). Although the averageillages. Out of the 142 villages, households from 118 villageswere randomly selected using
and median concentrations of E. coli in water samples were somewhat
higher by MF than by CBT in tubewell and kolshi samples and in pond
water samples, there were no significant differences by Mann-
Whitney U tests (p-value = 0.392). Furthermore, the results of the
two methods of analysis of tubewell and kolshi water samples were
highly correlated, with R = 0.62 by Pearson correlation on log10 trans-
formed data and 0.58 by Spearman correlation on either arithmetic or
log10 transformed data; all correlations were significant at p = 0.01.
When the tubewell and kolshi E. coli concentration data from the CBT
and MF were categorized into the WHO decimal concentration risk
ranges (0, 1–10, 11–100, N100 per 100 mL) and analyzed by Pearson
Chi-Square, Likelihood Ratio and Linear-by-Linear Association, there
were significant associations (p b 0.0001) between the two water
tests (CBT and MF) by all three methods of analysis. Overall, these re-
sults show equivalence in performance between the two tests that is
similar to other comparisons of tests for fecal bacteria quantification in
water. The advantage of the CBT test is that it is inexpensive and can
be implemented in resource limited field settings, and thus, we chose
the CBT for our water quality measurement for study.
2.3. Assessment of water storage time
Information on how long the water is stored in the container was
collected through a survey by the field teamwhile collectingwater sam-
ples from the households. Respondents were asked to indicate the ap-
proximate time at which they last filled their main drinking water
storage container. The storage timewas then calculated as time elapsed
between the last refill of themain drinkingwater storage container and
the time of sample collection. In a few cases, where the main drinking
water container was empty, respondents were asked to provide the
time the container was last filled. Additionally, storage times were
also categorized into an ordinal variable containing the categories of
storage time b2 h, storage time between 2 and 24 h, storage time be-
tween 24 and 48 h, and storage time N48 h to compare to E. coli growth
curves or other contamination increases from previous studies and re-
duce chances for recall bias.
2.4. Assessment of distance to tubewell
Along with storage times, information about both the spatial distance,
and the time taken to walk to the main drinking water source was col-
lected. Field team members recorded global positioning system (GPS)
points for the household location and main drinking water source, and
also recorded the actual path takenbyusing the tracking featureofGarmin
Etrex 30 GPS receivers. Field members also recorded the accuracy of each
GPS location. Theoretically, the GPS model provides accuracy up to 3 m.
However, in the field the average accuracy of GPS units for household
and tubewell location measurement was between 5 and 6 m. In addition,Fig. 2. Microbial contamination (in %) by water source at cumulatively increasing risk levels.
cumulatively increasing risk levels at A) tubewell Source, and B) Point of Use (storage contai
following classification: Intermediate: 1–10 CFU/100 mL, High: 11–100 CFU/100 mL, Very Highthe time taken to walk to the main drinking water source was estimated
using a stopwatch. The time taken to the tubewell was measured by the
field teammembers using their own gait without carrying any water col-
lection utensils. Access to the tubewell for drinking water was assessed
using two separate classification methods: maximum walking distance
threshold and tubewell ownership. The first classificationmethod divided
tubewells that lie within or outside two distance bands of 100 and 150m.
The second classification method was based on the ownership of the
tubewell. Households were divided into those that owned a tubewell
within their own bari premises, and those that used a tubewell owned
by another bari or those that collected water from tubewells located
within community areas such markets, schools or mosques.
2.5. Statistical analysis of water quality and other characteristics
We compared water quality and its relationship with other charac-
teristics among the survey participants using prevalence ratios and dif-
ference inmeansmeasures.Wefirst comparedmicrobial contamination
prevalence in source water and POU storage containers, followed by
measuring water quality differences of shallow and deep tubewell
users separately. We then compared characteristics such as storage
time, distance to source, and ownership among the two strata. Finally,
we analyzed water quality among deep tubewell users across different
characteristics such as distance to water source and ownership of the
tubewell and assessed whether storage times by distance or ownership
were different for the two groups.
We tested all arithmetic variables and their log-transforms for nor-
mality using the Shapiro-Wilk test. Since all variables were not distrib-
uted normally, we chose non-parametric Mann-Whitney U tests to
compare differences in water quality, storage time, distance to source
and ownership among shallow and deep tubewell users, and among
deep tubewell users specifically. Mann-Whitney U tests are non-
parametric tests that assess whether two sample means come from
the same population using rank differences. For comparing differences
in proportions of shallow and deep tubewell users based on distance
and ownership, we used two-sided tests for equal or different propor-
tions. We calculated unadjusted prevalence ratios of microbial contam-
ination using Mantel-Haenszel tests based on the classification of cases
across different exposures (Agresti, 2003). All analyses were conducted
in R (version 3.50) (R team et al., 2013).
3. Results
3.1. Water quality
Fig. 2 highlights the proportion of contaminated deep and shallow
tubewells by cumulatively increasing levels of E. coli concentration at
the tubewell source and at POU. Table 1 compares the characteristics ofThe figure indicates the percentage of households consuming drinking water at different
ner). The risk levels are defined by the World Health Organization (WHO) based on the
: N100 CFU/100 mL.
Table 1
Mean (standard deviation) of shallow and deep tubewell (TW) household water quality







Mean CFU/100 mL (SD) 3.3 (12.1) 4.6 (17.7) 0.467a
Point of use water quality
Mean CFU/100 mL (SD) 31.4 (41.5) 39.7 (44.6) 0.059a
Other characteristics
Mean water storage time in hours (SD) 7.0 (8.6) 11.4 (11.5) b0.001a
Time taken to source (seconds) 27.9 (32.9) 62.0 (60.1) b0.001a
Distance to source (m) 27.6 (37.1) 63.4 (66.7) b0.001a
Distance to source N100 m (%) 5.4 20.0 b0.001b
Distance to source N150 m (%) 2.3 9.8 b0.001b
Source not owned by bari (%) 14.7 52.9 b0.001b
Note: all calculationsweremade using complete cases, hence sample sizes differed slightly
across each comparison.
a Non-parametric two-sidedWilcoxon Mann-U-Whitney Test with confidence level =
0.95.
b Two-sided test of equal or given proportions with confidence level = 0.95.shallowanddeep tubewell users includingwater quality and related char-
acteristics such as storage time, travel time to source, distance traveled to
source, and ownership status of tubewell users. The results from the
Mann-WhitneyU tests are shown in Table 1. Table 2 compares prevalence
ofmicrobial contamination using prevalence ratios among households for
different exposure groups based on storage container use, tubewell type,
distance to deep tubewell source and ownership of deep tubewells.
Results show that overall, POU microbial contamination (≥ 1 CFU/
100mL)wasmore prevalent than contamination at source,with storage
containers 3.4 times as likely to be contaminated compared to tubewell
source (95% CI: 2.79–4.17). Approximately, one out of every two house-
hold storage containers, for both deep and shallow tubewells contained
drinkingwater classified as high or very high risk. Amongdeep tubewell
households, 17.7% of the wells were contaminated at source compared
to 20.6% of shallow tubewell households. Contamination among POU
storage containers was higher for deep tubewell households with
69.4% containers testing positive compared to 62.7% for shallow
tubewell households (Fig. 2). For all microbial risk categories, percent-
ages of contaminated water at POU were higher for water collected
from deep tubewells compared to shallow tubewells. Mean E. coli con-
centrations were similar at source among the two types of tubewells,
but the difference inmeans increases at POUwith deep tubewell house-
holds having higher mean E. coli concentrations compared to house-
holds drinking from shallow tubewells (Table 1). Results from
unadjusted prevalence ratios suggest that prevalence of microbial con-
tamination at source for deep tubewell households was 0.86 times
(95% CI = 0.59–1.25) that of shallow tubewell households (Table 2).
In contrast, the prevalence of microbial contamination at POU amongTable 2
Comparison of microbial contamination prevalence (E.coli ≥1 CFU per 100 mL).




All tubewell sources 890
Deep tubewell source Shallow tubewell source 477
Deep tubewell POU Shallow tubewell POU 439
Deep tubewell greater than 100 meters Deep tubewell within 100 metres 206
Deep tubewell not owned by bari Deep tubewell owned by bari 206deep tubewell households was 1.11 times (95% CI = 0.97–1.27) the
prevalence among shallow tubewell households.3.2. Storage time, distance and ownership
Results in Table 1 show that both storage time and the distance to
drinking water source on average were significantly greater for deep
tubewell households. Deep tubewell households had an average drink-
ing water storage time of 11.4 h compared to 7.0 h for shallow
tubewells, which is a statistically significant difference (p b 0.001). In
addition, deep tubewell household members traveled distances up to
2.3 times farther compared to shallow tubewell households to collect
drinking water, with an average deep tubewell located 63.4 m away
from the households compared to 27 m for shallow tubewells. In addi-
tion, 20% of people from households accessing drinking water from
deep tubewells walk more than the distance threshold of 100 m, as
compared to 5.4% of households collecting drinkingwater from shallow
tubewells. Deep tubewell users procured drinkingwater fromoutside of
their bari premises 52.9% of the time compared to 14.7% of the time for
shallow tubewell users. The differences in proportions for deep and
shallow tubewell users based on distance and ownership were statisti-
cally significant (p b 0.001).3.3. Deep tubewells: relationship between water quality, distance and stor-
age times
Out of the 225 households collectingwater fromdeep tubewells, 206
households were included in the complete case analytical sample for
comparing microbial contamination among only the deep tubewell
users based on distance and ownership characteristics. Table 2 displays
the prevalence ratios forwater sample E. coli positivity and Table 3 com-
pares mean storage times among deep tubewell users based on dis-
tance, ownership, and presence of microbial contamination. Results
from Table 2 show that households collecting water from deep
tubewells N100 m away were 1.24 times as likely as households with
deep tubewells within 100 m to contain POU water at intermediate
E. coli risk or higher (95% CI =1.04–1.48). Households with deep
tubewells outside bari premises also had 1.14 times the prevalence of
POU microbial contamination as those with tubewells inside bari pre-
mises, although the results were not statistically significant (95% CI =
0.94–1.37). In addition, analysis of storage times in Table 3 shows that
households with deep tubewells N100m away also stored water on av-
erage for 16.2 h as compared to 10.5 h for tubewells within 100mof the
household. Longer average storage times were also observed among
householdswith deep tubewells outside bari premises (14 h and 9 h, re-
spectively) as compared to those with tubewells within the bari com-
pound. Mean storage times among households with microbial
contamination compared to those with no POU microbial contamina-
tion were about 15% higher but not statistically significant (12.2 h vs









293 (66) 86 (19) 3.40 2.79–4.17 0.00
39 (18) 53 (21) 0.86 0.59–1.25 0.43
143 (70) 146 (63) 1.11 0.97–1.27 0.14
36 (82) 107 (66) 1.24 1.04–1.48 0.04
83 (73) 60 (68) 1.14 0.94–1.37 0.17
Table 3
Comparison of storage times among deep tubewell users.





Deep tubewell within 100 m from household (n = 162) Deep tubewell N100 m from households (n = 44) 10.5 (11.2) 16.2 (12.4) b0.001
Deep tubewell owned by bari (n = 93) Deep tubewell not owned by bari (n = 113) 9.0 (8.6) 14.0 (13.4) b0.001
Deep tubewell POU without microbial contamination (n = 63) Deep tubewell POU with microbial contamination (n = 143) 10.6 (12.7) 12.2 (11.3) 0.133
Note: all calculations were made using complete cases, hence sample sizes differed slightly across each comparison.
a Non-parametric two-sided Wilcoxon Mann-U-Whitney Test.4. Discussion
During the dry season, microbial contamination of household water
was common at POU, with approximately half of households drinking
water at intermediate risk of contamination or higher, and almost a
quarter of households drinkingwater at very high risk of contamination.
The contamination at tubewell source was much lower, suggesting the
increase in microbial contamination is largely occurring during water
handling and storage as demonstrated in prior studies (Clasen et al.,
2007b; Hoque et al., 2006). Results of water quality at source suggest
that there was no discernible difference in microbial contamination be-
tween deep and shallow tubewells (Howard et al., 2006). Both shallow
and deep tubewell households had significantly higher POU microbial
contamination compared to the source. However, the microbial con-
tamination among deep tubewell households was higher than shallow
tubewell households for all risk levels of microbial contamination rang-
ing from intermediate to very high risk. Given that deep tubewell users
had significantly higher storage times and travel longer distances to col-
lect drinking water, it raises the possibility that the sparse network of
deep tubewell installations (Opar et al., 2007) and subsequent issues
of accessmay compromise safe storage and result in increased risk of in-
adequate microbial quality at the POU.
Households traveling N100 m to collect drinking water from a deep
tubewell have a significantly higher prevalence of microbial contamina-
tion. It is possible that collecting water from public deep tubewells or
from another bari may restrict access to drinking water as compared
to households that procure drinking water from tubewells privately
owned by members of the bari. However, water quality results suggest
that although households with private deep tubewells have slightly
lower prevalence ofmicrobial contamination at the POU, the differences
are not statistically significant. This may be explained by the fact that in
places where networks of deep tubewells in many parts of Bangladesh
are still sparse, and households do not have other safe low arsenic
water options available nearby, shared or public tubewells may be the
only source of available safe drinking water. In addition, although
householdswith deep tubewells located N100m away from households
have significantly higher storage times than households with nearby
tubewells, there is no clear linear relationship between storage times
and prevalence of microbial contamination. This suggests that there
are other factors related to the storage environment such as the type
of storage container, storage container cleaningmethod, volume of con-
tainer and storage temperature that impact microbial contamination at
the POU that may impact storage container use and its state of hygiene
(Han et al., 1989; John et al., 2014; Levy et al., 2008; Momba and Kaleni,
2002). In addition, other factors not related directly to the storage
environment – such as handwashing practices, household sanitation
conditions, neighborhood sanitation access and conditions, water
collection and handling practices – may have contributed to the
microbial contamination incidents that occur and are cumulative during
drinking water storage (Ercumen et al., 2017; Escamilla et al., 2013;
Fewtrell et al., 2005; Wolf et al., 2018). Hence, further research that in-
cludes other covariates needs to be undertaken to disentangle the effect
of different practices and processes from water handling to storage on
POUmicrobial contamination among deep tubewell users, and identify
the conditions under which the risk of microbial contamination is
minimized.In addition to omission of contextual covariates, there are other im-
portant limitations to the current analysis. Firstly, since the analysis is
based on a one-time cross-sectional dataset, it does not take seasonality
into account. Levels of fecal contamination at source have been shown
to vary across dry and rainy seasons in different parts of Bangladesh
(Fendorf et al., 2010; Islam et al., 2001; Luby et al., 2015; Zheng et al.,
2005). Hence it is possible that differences in water quality at source
among shallow and deep tubewell users may be different in the rainy
season and modify the risk of microbial contamination at POU among
deep tubewell users. Concentrations of E. coli in well water can vary
and are sensitive to temporal fluctuations such as wet and dry seasons,
and precipitation events and changes land-use conditions such as con-
struction and farming practices. POU E. coli concentrations in water
can also fluctuate widely across temporal scales and with handling
and use practices. Hence, repeated measures of E. coli concentrations
for each household across time would strengthen the analysis and pro-
videmore representative and robust results. In addition to those limita-
tions, there is also possibility of recall bias among respondents when
asked to provide storage time information based on the last time the
drinkingwater storage containerwasfilled. Tominimize the effect of re-
call bias on results, we also transformed storage times to a categorical
variable and checked for changes in effect size, magnitude and standard
errors. Yet, results were consistent across different combinations. Simi-
larly, we also analyzed results using travel time instead of distance to
check for consistency of results. Both travel time and distance were al-
most perfectly linearly correlated (R2 = 0.93). However, we used dis-
tance for the final analysis due to its substantive significance based on
previous literature. Finally, although we described the source and POU
microbial contamination at different risk levels, we only considered
prevalence ratios among those households with E. coli b1 CFU/ 100 mL
and thosewith at least 1 CFU/ 100mLdue to sample size considerations.
We would address these limitations in future studies based on the
ongoing longitudinal study. We will include variables on the common
risk factors of POU contamination related to household storage environ-
ment such as presence of feces, poultry and animals, and accessibility to
hands of young children alongwith otherwater collection, handling and
household sanitation environment variables. We will then determine
correlates of POU contamination and also use these variables as controls
to assess direct impact of storage time on microbial contamination. We
will incorporate survey data and water quality results for the rainy sea-
son across the same households to examine whether the rainy season
modifies the effect of distance and time on microbial contamination.
We hypothesize that microbial quality will be poorer at source and
POU during the rainy season and increasing distance to deep tubewells
would have a higher adverse effect on contamination compared to the
dry season. Additionally, we will expand our water quality outcomes
to explore the efficacy of deep tubewells by using different microbial
risk levels for tubewell source and POU. Subsequently, we will also ana-
lyze the relationship between deep tubewell access, storage time, POU
microbial contamination and diarrheal disease outcomes.
5. Conclusions
Although deep tubewells are amainstay of arsenic mitigation efforts
in rural Bangladesh and may produce safer drinking water quality, it is
not clear in what context and under what conditions they may be
most effective. Given the spatial variation in both the microbial quality
of groundwater and the heterogeneous distribution of deep tubewells
providing drinking water to many rural Bangladeshi households,
many contextual factors and conditionsneed to be considered before in-
formed installation of deep tubewells can be scaled up. Overall, based on
the dry season results, our findings suggest while deep tubewells may
provide relatively safe water in microbial quality at source, their poten-
tial benefits may be nullified at POU and potentially even pose risks to
users if they are located far from households, especially in areas with
sparse safe drinking water options. Although, there is evidence of
households storing drinking water for longer periods with increasing
distance to source, potentially in response to minimizing time spent
on collection of drinking water, factors both related to storage and to
other parts of thewatermanagement and use process such as collection
and handling, household sanitation access and conditions, and domestic
and environmental hygiene, need to be considered to fully understand
the conditions under which deep tubewells may provide safer and bet-
ter drinking water as compared to shallow tubewells. Future research
and policy efforts should target better allocation of deep tubewells in
needed areas and minimize the time taken and distance traveled by
rural Bangladeshis to ensure safe drinking water consumption as part
of arsenic mitigation efforts.Declaration of interest
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